ABSTRACT "Let food be thy medicine and medicine be thy food" was expressed by Hippocrates more than 2000 years ago and the health benefits of natural food products have been considered for different goals since the ancient times. As natural phytochemicals, phenolic compounds (PCs) are a major class of semi-water-soluble compounds (from fruit and vegetable sources) with one or more benzene rings that are generally found in nature as glycosides. According to a review of the literature, food scientists have studied the many health benefits of these compounds against pernicious human diseases (HDs). Today, choosing a healthy diet has become an essential part of healthy living and fitness. Many studies have shown that people who follow a specific diet (especially polyphenol-rich diets) are at a low risk for a range of chronic diseases, such as obesity, diabetes, cancer, heart disease, etc. The present research is a comprehensive review of studies on PCs with a focus on HDs that seeks to find out why some PCs have received such considerable attention all over the world. Data were collected from the Scopus database and a hierarchical cluster analysis was used with Ward's method to analyze the data. The results showed that three countries most involved in research on PCs are USA, China, and India, and also found that quercetin, catechin, and kaempferol are the three most studied PCs. Cardiovascular diseases, cancer, obesity, diabetes, and infectious diseases are the major treatment targets for PCs. The review of the literature showed that these compounds share a common molecular mode of action against HDs. The Journal of Agriculture and Food Chemistry, Food Chemistry, PLOS ONE, and Planta Medica are also the most popular journals for covering original research on PCs. However, this study seeks to facilitate future studies on PCs through its findings.
Introduction
"Let food be thy medicine and medicine be thy food" was expressed by Hippocrates more than 2000 years ago and the health benefits of natural food products have been considered since ancient times. [1] Plant foods such as vegetables and fruits provide calories and other essential nutrients for the human body and play a crucial role in human health. [2] [3] [4] [5] Studies on plant secondary metabolites have been increasing over the last 16 years and these compounds have been seriously considered for their capacity to improve human health. [6] These phytochemicals are known to play a critical role in the adaptation of plants to their environment [7] , but also represent an important source of active pharmaceuticals. [8] Almost 200 years of modern chemistry and biology have explained the role of primary metabolites in basic life functions such as growth and development, respiration, storage, and reproduction. [9] [10] [11] Kossel [12] was the first scientist who defined secondary metabolites in comparison to primary ones. Thanks to the improvement of biochemical assays in the middle of the 20 th century, Czapek [13] was the second person who described new roles for phytochemicals and coined the term "end products" for these compounds. PCs are a diverse, bioactive, and pervasive category of plant secondary metabolites that comprise an essential part of the human diet and are of considerable interest due to their biological properties. [14] [15] [16] [17] During the last few decades, several studies have examined the health benefits of PCs. [18] [19] [20] The regular consumption of polyphenol-rich foods may help decrease the incidence of cardiovascular diseases [21] , colon cancer [22] , liver disorders [23] , obesity [24, 25] , diabetes [26] , etc. In plants, these compounds are commonly synthesized as defense agents against physiological and environmental stimulators. [18, 27, 28] Regarding the health benefits of PCs for humans [29] (Fig. 1 ), these compounds have received more attention in recent years and many aspects of their chemical and biological activities have been identified and evaluated. [30, 31] The advantages of PCs include their accessibility, the specificity of their response, and their low toxicity, while the main problems with these compounds are their rapid metabolism and low bioavailability. [28, 32] Foods contain complex mixtures of PCs and numerous factors may affect the concentrations of PCs in plants and food items [20] , including environmental (e.g. sun exposure, rainfall, different type of cultivation, the fruit yield of trees, etc.) and biochemical (e.g. the degree of ripeness, storage, and the method of culinary preparation) factors. [33, 34] Taken together, PCs, especially their glycosides, are the most important plant secondary metabolites in human diet that have wide-ranging health benefits for humans. [35] Compounds from natural sources seem to have found a special place in the pharmaceutical industry in the last few decades and are now being used for the design and development of new pharmacological drugs. [36] In addition, these compounds are widely used in pharmaceutical experiments in order to improve the bio-efficacy and bioavailability of conventional drugs. A survey of the literature on PCs, covering over 20000 published papers in this field, showed that more than half of these molecules have antibacterial, antifungal, anti-inflammatory, and antitumor activities [37] , which reflects the extensive benefits of PCs for human societies. [38] The large numbers of studies conducted on PCs throughout the world and published and indexed in different scientific databases pose three questions. First, which PCs are the most studied in the world? Second, which countries study which PCs the most? And finally, which signaling pathways are affected by PCs that give them these health benefits for humans? This review will mainly focus on the most-studied PCs and the countries most involved in research on PCs and will also provide a comprehensive overview of the biological effects of the moststudied dietary PCs and their health benefits.
Methodology
This study is an extensive review of the global literature on PCs through a search of Scopus with the keywords detailed in Table 1 . A total of 128,710 articles were indexed in this database from "2000 to 2016" and the researchers extracted relevant articles using the keywords and analyzed the data obtained using a statistic method. The generated results were classified and ranked for each subject based on the queries. A hierarchical cluster analysis was performed is SPSS 16.0 [39] using Ward's method. [40] This 16-year report can help researchers plan further studies on PCs and also provides a brief overview of the chemical structure of these compounds.
Chemical structure of PCs
PCs can be divided into two main groups: (1) flavonoids and (2) non-flavonoids. [41, 42] A distinctive feature of PCs is having one or more aromatic rings with hydroxyl groups attached to them. The characteristics of each group and subgroups have been addressed in the author's previous paper [14] and in other papers as well. [18, 26, 27, 30, 31, [43] [44] [45] Extraction strategies
Owing to the recent advances in chemical approaches, a variety of methods currently exist for the extraction, purification, quantification, and identification of PCs. There is a positive correlation between the type of PCs and the strategies used to the extract them from natural sources. Basically, there are five modern methods for the extraction of PCs [46] , including (1) solvent extraction; (2) pressurized liquid extraction; (3) ultrasonic-assisted extraction; (4) microwave-assisted extraction; and (5) supercritical extraction. Similar to that in modern methods, conventional liquid-liquid and solid-liquid extraction procedures are frequently used in these methods. [28] Polyphenols structures are such that each method used for their extraction has a specific separation protocol. The time required for extraction, the chemical structure, and the organic solvents all play a crucial role in the extraction procedure. Since PCs are attached to the cell-wall matrix through a glycosidic/ester linkage, their water solubility may be reduced. Studies showed that several extraction approaches require an antioxidant as a basic stabilizer. Alcohols are other suitable solvents that have been used for extraction. [47] For example, methanol and ethanol are the most-used solvents for the separation of Stilbenes from natural sources. These solvents have also been used for the extraction of other polyphenol families. According to some studies, supercritical CO 2 and polar/nonpolar co-solvents are the most-used solutions for the accurate extraction of tannin from plant tissues. [28] Alcoholic solvent systems have been used to extract lignans from natural sources. [48] Because lignans collaborate in plant cell-wall formation, alcohols thus appear to be good solvents for the extraction of these compounds. High-performance liquid chromatography and/or gas chromatography/MS spectrometry can also be used for the high-quality extraction of lignans. [28] Studies suggest that the extraction of flavonoids also has both conventional and modern extraction strategies. As noted earlier, given their structure, solubility, and reason for extraction, different separation methods can be used to extract PCs, and the advantages and disadvantages of these methods have been well-documented in a large body of literature. [28, 46] 
Polyphenol databases
Computer programs (especially online tools) play a crucial role in the advancement of biological sciences in the modern world. Recently, biological databases have been developed for plant secondary metabolites, which describe the chemistry, biochemistry, and biosynthesis of plant chemicals; however, no such database exists that focuses on foods and more precisely on PCs as the major classes of phytochemicals. Phenol-Explorer (http://www.phenol-explorer.eu) is a free web portal and database for exploring, visualizing, and downloading plant polyphenols [49] (Fig. 2) . This database provides biochemical data generated from different analytical platforms from multiple laboratories along with a downloadable 2D structure of PCs in the SDF format. PhenolExplorer database contains more than 37,000 original data points collected from 638 scientific articles published in peer-reviewed journals. Overall, 502 polyphenols found in 452 foods are indexed in this database; the database is one of the best sources of information on PCs (because of the applicable and attributable information it yields) and how it offers an original resource for clinical and academic research. The USDA Nutrient Data Laboratory Flavonoid Database (https:// www.ars.usda.gov/northeast-area/beltsville-md/beltsville-human-nutrition-research-center/nutrientdata-laboratory/) is another powerful database for information on PCs (Fig. 3) , which contains values for 500 food items and 28 predominant monomeric dietary flavonoids belonging to five subclasses such as flavonols, flavones, flavanones, flavan-3-ols, and anthocyanidins. [50] Nonetheless, it seems that reserving and evaluating polyphenol data need more databases and the development of these databases can help biologists advance their work on PCs.
Countries' contributions
According to published articles including the selected keywords in Scopus, a significant difference was observed between the countries that published these reports. All the documents indexed in Scopus were not exactly dedicated to PCs, but included the selected keywords in their title, abstract, full text, etc. Figure 4 shows 15 countries with the largest number of articles published on PCs. As shown in Fig. 4 , USA and China are the two top countries for publishing research on PCs, followed by India, South Korea, and Japan.
The three countries with the largest number of published articles containing the keywords "polyphenols", "flavonoids", "lignans", and "stilbenes" were, respectively, the USA, China, India; China, the USA, India; China, the USA, Japan; and the USA, China, Japan. This wide range of research on PCs demonstrates the importance of these compounds in human nutrition research. It seems that the most-developed countries have conducted the largest number of research on these compounds. This finding suggests that PCs have gained the interest of the entire world and studies on these compounds have been increasing in the past decades.
Which compounds received more attention?
Many of the published articles have discussed the most-studied PCs [26, 27, 31] and can be accessed through databases. To identify how many times the most-studied PCs had been addressed in research, we screened all the retrieved papers from Scopus and only the articles that dealt with research on the 20 most important PCs were selected for further analysis. The results showed that, in most areas, the USA and China are the two top countries in terms of conducting research on PCs; however, most studies on p-coumaric acid were conducted in India, followed by Spain and Italy. Moreover, only a few of the published papers pertained to neobavaisoflavone (34 documents published from 2000 to 2016), followed by China, Poland, and Cameroon. Spain gained the first place for research on syringic acid. Table 2 presents the total number of documents published on different classes of PCs as indexed in Scopus for each country.
As depicted in Fig. 5 , quercetin, catechin, kaempferol, resveratrol, apigenin, and luteolin may be the most-studied PCs in the world. Of the family of polyphenols, flavonoids received the most attention. Flavonoids are a major class of PCs that are distributed in nature and consumed as part of the human diet in considerable amounts. These compounds are recognized for their antioxidant properties, and their potential benefits have been largely studied. The search carried out in this study showed that quercetin is one of the most important flavonoids considered for research. A substantial body of evidence has accumulated over the last few decades on the pharmacokinetic profile of this compound. Data suggests that people following a diet rich in quercetin and other flavonoids are at a lower risk of many chronic diseases, such as cancer, diabetes, and heart disease. [51, 52] Why are PCs so highly esteemed?
There is a popular idiom saying "You Are What You Eat"; there is a close and positive relationship between a healthy diet and better health, and this fact has been documented in a number of studies. [18, [53] [54] [55] [56] There are various reasons why there may be a relationship between the consumption of PCs and the reduced risk of HDs, including the modulation/regulation or inhibition of cell signaling pathways, the reduction of platelet aggregation, the effect on cholesterol synthesis, the effect on blood pressure and hormone metabolism, and antioxidant effects. [57, 58] As noted in the previous sections, quercetin, kaempferol, catechins, resveratrol, rutin, and their derivatives are known for their health benefits in humans and the prevention of various HDs (especially cancer, cardiovascular diseases, diabetes, obesity, liver disorder, and infectious diseases). [17, 27, 31, 38, [59] [60] [61] [62] [63] [64] [65] [66] Since fruits, especially apples, pears, apricots, cherries, berries, and grape, and vegetables, such as carrot, tomato, onion, garlic, cabbage, and celery, contain up to 200-300 mg of PCs per 100 g of their fresh weight, they can be used as dietary supplements of PCs. [67] The presence of these compounds in food and pharmaceutical industries has improved the quality of food and drugs. Furthermore, these compounds have a low toxicity in the human body, and can therefore be considered a safe dietary element. Because of their antioxidant properties, these compounds play a critical role in the oxidative stability of foods. PCs are currently used in traditional and modern medicine in the design and development of new medicinal agents and for their extensive health benefits. The antimicrobial effect of PCs is another reason for regarding these compounds as major phytochemicals. [68] Flavonoids have recently been used for the treatment of epilepsy. [69] Epilepsy is the most common neurological disorder, affecting 1-2% of the population worldwide and significantly deteriorating many aspects of quality of life. [70] Experimental studies have shown that, due to their structural similarity with benzodiazepines, flavonoids exhibit antiepileptic effects by modulating the GABA A -Cl-channel complex. [71, 72] Overall, avoiding unhealthy diets and adhering to the consumption of flavonoidrich foods can help people have a healthier body. PCs are beneficial nutrients that protect human health by fighting against the free radicals produced in the body cells and preventing oxidative damage. Further studies are required to identify flavonoids' precise mode of action in the human body.
Link between the mechanism of action of PCs and human diseases
The important role of PCs in the treatment of HDs has been recognized in many studies and the use of polyphenol supplements has been examined too. [52] Evidence suggests that PCs can modulate/ regulate or inhibit many cell signaling pathways in the human body. Large bodies of studies have been published about the molecular mode of action of PCs. This paper summarizes the most relevant targets significantly affected by PCs. The search revealed many studies on the role of dietary PCs (in particular, flavonoids) in the prevention of inflammatory signaling pathways (e.g. the arachidonic acid pathway). PCs have been found to inhibit inflammatory enzymes such as PLA 2 , COX-1/2, and LOX. [73] These compounds are mainly able to decrease cell proliferation, angiogenesis, and leukocyte immobilization and reduce 5-lipoxygenase enzyme activities. Tea polyphenols are able to regulate/ modulate COX-2 enzyme activity and gene expression in different types of cancer cell. [74] Quercetin also inhibits COX and LOX enzymes in mice models as the most-studied flavonoid [75] , and can thus reduce the formation of inflammatory metabolites. [76] This compound is known for its iron-chelating/stabilizing potentials. [52] Two key reports published by Hou et al. showed that pro-delphinidin B-4 3ʹ-O-gallate and pro-delphinidin B2 3,3ʹ di-O-gallate have inhibitory effects against the COX-2 enzyme and the release of PGE 2 in LPS-induced murine macrophage RAW264 cells. [77, 78] PCs can oxidize free radicals and also prevent injuries caused by free radicals through their direct radical scavenging capacity. PCs thus act as terminators for free radicals. [14] These compounds also chelate metal ions [79] , and thus reduce their pro-oxidant activity. [80] A large body of evidence speculates that PCs have protective effects against age-related degenerative diseases. [81] Animal studies and in vitro studies have generally reported the beneficial activities of PCs against HDs, but further explorations are still necessary to determine the accurate mode of action of PCs. The inconsistency between experimental studies and clinical studies may be partly due to the many technical problems with human studies. The review of literature showed a significant correlation between the consumption of PCs (especially flavonoids) and the prevention of HDs as per the finding of the experimental studies. Diets rich in fruits and vegetables with a consistently high consumption of PCs can help prevent many HDs. Schneider et al. speculated that diets poor in PCs are responsible for 7% and 10% of esophageal cancers in women and men in South Africa. [82] Although many chemical analyses have been conducted on PCs, the mechanisms of action of these compounds in the human body are still not fully understood. Studies indicated that a series of PCs selectively accumulate in the epithelial cells of the upper digestive tract of rats with an ATP-and Na þ -dependent organic anion transport mechanism [83] , and because of the great reactivity of OH groups in PCs, radicals can be inactive as per the following equation [14, 84] :
where R Á is a free radical and O Á is a reactive oxygen species. Given the natural antioxidant activity of PCs, these compounds can be said to play a significant role during oxidative stress both in plants [14] and in animals. [85, 86] PCs, in particular luteolin, are reported to be potent inhibitors for xanthine oxidase in damaged tissues. [87] Silibinin is also a flavonoid that can inhibit the formation of free radicals in chronic liver injury. [88] The oral administration of a purified micronized flavonoid fraction was reported to decrease the number of immobilized leukocytes during reperfusion. [89] Some studies showed that PCs can block the receptor for advanced glycation end products (RAGE) and its associated inflammatory cascade. [90] Several studies have reported the expression of RAGE in some organs such as the kidney [91] , blood vessels [92] , and adipose tissues. [93] PCs, in particular curcumin, may also interfere with inflammatory states and improve the physiological status in obesity (in a dose-dependent manner). [94] A rodent model study demonstrated the osteo-protective effects of green tea PCs by showing how they reduced oxidative stress, increased antioxidant enzyme activities, and reduced the expression of pro-inflammatory mediators. [95] These compounds were reported to inhibit cell growth by inducing cell-cycle arrest/apoptosis and inhibiting cell proliferation and angiogenesis. [96] Flavonoids, in particular, quercetin, have been reported to improve diabetic status. [97] PCs can also inhibit glucose and fructose transport by the inhibition of the GLUT2 enzyme. [98] PCs alone appear to not have a significant effect on the prevention of diseases in animal models. In a report by Jung et al., the benefits of quercetin and foods rich in quercetin were examined and compared in animal models and the finding showed that foods rich in quercetin have sharp effects on oral glucose tolerance in rats that show type 2 diabetes. [99] The administration of apigenin (4 mg/kg of body weight) to Streptozotocin or streptozocininduced (STZ-induced) induced diabetic rats shows a significant anti-hyperglycemic effect. [100] Dietary supplementation with genistein and daidzein (0.02% of the diet) has been shown to prevent the incidence of diabetes and improve glucose homeostasis in non-obese diabetic rats by preserving the pancreatic β-cell function. [101] Dietary PCs are used as anti-obesity agents, due to their ability to inhibit the growth of adipose tissues, suppress the differentiation of preadipocytes, stimulate lipolysis, and induce apoptosis in exiting adipocytes, through adipose tissue size. [102] Finally, PCs have a remarkable potential to regulate various molecular targets, including the transcription factors of NF-κB, STAT3, and PPARγ, growth factors, tumor necrosis factor (TNF), IL-1, IL-6 inflammatory cytokines, mTOR, MAPK, and Akt protein kinases and the related enzymes, and can also modulate other important signaling pathways related to Bcl-2, Bcl-XL, AP-1, epidermal growth factor receptor (EGFR), HER2, c-jun amino terminal kinase (JNK), Wnt/β-catenin, and caspases. [103, 104] In general, animal studies and epidemiological studies support the protective effects of many dietary PCs. These compounds exert their effects by targeting different cellular and molecular pathways in different parts of the human body (e.g. the liver, pancreas, heart, skeletal muscles, etc.). This section is a review of the literature on the most-studied PCs and seeks to present a comprehensive overview of the main reason for the significant interest in these compounds and discusses the major molecular signaling pathways regulated by these most-studied PCs.
Quercetin
Quercetin (3,3ʹ,4ʹ,5,7-pentahydroxyflavone) has been mentioned in 21,663 articles indexed in Scopus and is likely important due to its relatively high bioavailability [105] compared with other PCs. This molecule is widely present in fruits, vegetables, and many dietary supplements and herbal remedies in the form of quercetin glycosides [106] (Fig. 6) . In most cases, one or more sugar groups (glucose molecules) are frequently bound to the 3-position of quercetin. [105, 107, 108] Onion is one of the main sources of quercetin glycosides [109, 110] , and quercetin-4ʹ-O-β-D-glucoside (Q4ʹG) and quercetin-3,4ʹ-β-O-D-diglucoside (Q3,4ʹdiG) are solely found in onion. [109, 111, 112] The present study found that cancer, diabetes, and digestive diseases are the top three diseases treated with quercetin. Over the past 5 years, obesity has also become the target of treatments with quercetin in a dose-dependent manner. According to reports, a quercetin-rich diet has significant effects on obesity. This compound may become an optimal way for losing weight and fats in the near future. In and by itself, quercetin has no significant effects on HD, but it can be used as a dietary supplement for the treatment of obesity, diabetes, and other extreme HDs. As for the antibacterial effects of quercetin, this compound has recently received more attention for the treatment of oral diseases. According to the results obtained through cell cultures or animal models, quercetin is a good candidate for the development of plant-based drugs. The unavailability of data derived from human studies on this compound means that the use of quercetin as a drug needs further investigations and validation. This section of the present article discusses the most-studied molecular and cellular pathways that can be affected by quercetin.
Quercetin is a flavonoid that has been promoted to an excellent antioxidant in many studies [113] and also possesses anti-inflammatory properties [114] , can prevent cardiovascular disease [115] , fights influenza A virus [116] , has antiulcer, antiallergy, and anti-proliferative effects [117] , and regulates gene expression. [118] Quercetin also possesses key structural features for effective free radical scavenging, namely ortho-dihydroxy substitution in the B-ring (or the catechol structure) and enol moiety in the A-ring, which leads to the formation of an additional H-bond with the 4-keto group. [98, 119] Numerous studies have shown that quercetin and its derivatives act as a powerful in vitro free radical scavenger. [107, 120, 121] In general, these compounds prolong the lag time of copper-induced LDL oxidation in the following order: Quercetin-7-glucuronide > quercetin > quercetin-3-glucuronide = quercetin-3-glucoside > catechin > quercetin-4ʹ-glucurnoide > isorhamentin-3-glucuronide > quercetin-3ʹ-sulfate. [122] Nonetheless, its in vivo direct scavenging of common small free radicals such as HOO Á , O ÁÀ 2 , and NO Á , produced by cell metabolic processes, and the endogenous and exogenous impacts and its biological relevance are yet to be established. [107] The daily intake of quercetin is estimated to be around 5-40 mg/day [123] , and these levels can increase to 200-500 mg/day with the consumption of high quantities of fruits and vegetables rich in flavonoids. [124] The maximum concentration of quercetin in the human plasma after the ingestion of 500 mg of quercetin was approximately 1-8 ng/ml. [125] Fig. 7 shows the possible pathway of the metabolic conversion of quercetin during intestinal absorption and inflammation.
According to studies, the factors affecting quercetin absorption include: 1) the nature of the attached sugar [126] , and 2) the chemical properties of the body cells. [127] Studies on quercetin suggest that the absorption of quercetin aglycone differs from the absorption of quercetin glycosides. [111] For example, in rats, quercetin aglycone is partly absorbed through the stomach, whereas quercetin glycosides (e.g. isoquercetin and rutin) are not. [61] Several studies have shown that quercetin Figure 7 . Possible pathway of metabolic conversion of quercetin, an onion flavonoid, during intestinal absorption and inflammation. First, Q4ʹG converts to quercetin by mediating the β-glucosidase enzyme. Second, UGT changes quercetin to Q3GA. In the next step, during inflammation by the mediating of β-glucuronidase and COMT enzymes, Q3GA converts to quercetin and isorahamentin.
glucosides are efficiently hydrolyzed in the small intestine by beta-glucosidases into the aglycone form, much of which is then absorbed. [43, 128, 129] Meng et al. [130] concluded that the aglycone form of quercetin appears to be better absorbed than the glycoside forms upon the consumption of grape juice. Once absorbed by the small intestine, quercetin is converted to glucuronide or sulfate conjugates and only conjugated metabolites are found in the blood stream afterwards. [111] Several in vitro and in vivo animal studies have shown that quercetin can be considered an option for the treatment of cancer by inducing cell death or cell-cycle arrest in the cancer cells. [58, 124, 131] Many studies have also reported that this compound contributes to the prevention of cardiovascular diseases. [115, 132] The increased incidence of cardiovascular diseases such as atherosclerosis, hypertension, stroke, ischemic heart diseases, and heart failure can lead to an expected global rate of cardiovascular-related deaths, which will exceed 23.6 million by 2030. [133] According to the review of literature, this compound has been shown by researchers to be a potent inhibitor of EGFR tyrosine kinase pathway, which plays a key role in cell proliferation. [134, 135] Basically, quercetin may inhibit cell migration and invasion through the deactivation of MMP-2 and/or MMP-9. [136] Aryl hydrocarbon receptor (AhR) is another candidate target for the chemopreventive effects of quercetin. This receptor regulates the expression of the CYP1 family (CYPIA1 and CYP1A2) and CYP1B1, which can induce pro-carcinogens. [137] When quercetin (IC 50 1.5 µM) binds to AhR, bothCYP1 and B1 become incapable of the biotransformation of polycyclic aromatic hydrocarbons to carcinogenic metabolites. [111] Chen et al. [138] reported that quercetin increases the expression of DR5 in non-small lung cancer cells and causes the repartition of DR4 and DR5 into lipid rafts in colon adenocarcinoma cells by the simulation of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). [139] Lipid rafts are located in the external leaflet of the plasma membrane and consist of tightly packed domains of cholesterol and saturated sphingomyelin that float in melted and loosely packed unsaturated lipids. [140, 141] Fig. 8 presents a potential mechanism of quercetin action in the prevention of cancer.
Other possible inhibitory mechanisms of quercetin for the prevention of cancer have been reviewed in detail by Kelly [98] , Lamson and Brignall [142] , and Lee et al. [143] The cardioprotective activity of quercetin in patients is one of the most popular subjects of research into this compound. [144] The role of this compound in preventing cardiovascular diseases [145] has been largely associated with its anti-inflammatory and antioxidant properties [146] (Fig. 9) . Quercetin also appears to be effective in improving blood pressure and might have an effect on cholesterol levels in humans. [147] Evidence suggests that quercetin is equally or even more effective than trans-resveratrol in attenuating TNF-α-mediated inflammation and insulin resistance in primary human adipocytes. [148] Many studies speculated that quercetin might show a significant role in the regulation of the blood lipid profile. [149] The consumption of quercetin-rich foods can be said to significantly decrease the serum concentrations of glucose and total cholesterol (TC) and increase the serum concentrations of high-density lipoprotein (HDL). [150] In animal models, quercetin is effective in preventing the total loss of β-cell mass [51] and may ameliorate the symptoms of streptozotocin-induced diabetes by decreasing oxidative stress. [151] Quercetin has also been shown to have a major role in the protection of the cardiovascular system from the effects of aging. [18] This compound can reduce the risk of cataract formation, which is the most common age-related eye condition [152] , through affecting multiple pathways related to eye lens opacification, including oxidative stress [153] , nonenzymatic glycation [154] , the polyol pathway, calpain proteases, and epithelial cell signaling. [155, 156] Several critical points must be taken into account when considering the potential therapeutic effects of quercetin including (1) the pharmacological versus the nutraceutical doses used, (2) the specificity of its mechanism of action compared with other phytochemicals, and (3) the identification of direct cellular targets. [124, 131] As discussed, due to its significant role in human health, quercetin has received more attention from clinical studies in recent years. Given the multiple benefits of quercetin, this compound is available in the market in various forms and dosages for the treatment of lifestyle-related diseases in humans [157] (Fig. 10) . Several studies have reported quercetin as the most favorable flavonoid for drug-based studies compared with other PCs [158] because of its favorable biological activities. [159] Rutin Rutin is another most studied polyphenol [62] that is the main glycoside (3-O-rhamnoglucoside) form of quercetin, and is the most abundant flavonol in vegetables and fruits. [160] This compound is an important flavonoid that is consumed as part of people's daily diet. [161] It is also known as vitamin P and quercetin-3-O-rutinoside. [52] Rutin has been studied extensively for its various pharmacokinetic parameters using different animal as well as volunteer human models. [161] Given the multiple benefits of rutin, this compound is available in the market in various forms and dosages for the treatment of lifestyle-related diseases in humans (Fig. 11 ). Rutin is deemed to have some health benefits. The review of the literature showed that this compound has a significant antioxidant activity. Cancer, hypertension, and hypercholesterolemia are the three top chronic diseases that can be treated with rutin. Rutin is a stable polyphenol and shows low adverse effects for animal cells. The anti-obesity activity of this compound has been reported in a large body of literature over the past few decades. In a clinical study conducted among 50 diabetic patients over a period of 120 days, evidence suggested that rutin can increase HDL, very low-density lipoprotein (VLDL), triglycerides (TGL), and TC levels and decrease LDL. [162] This and similar studies have shown that this compound has a significant role in the treatment of obesity and diabetes. The review of the published papers containing the keyword "rutin" showed that selection of this compound as a drug is a prerequisite to improving its bioavailability through novel approaches. [62, 163, 164] Hollman et al. [61] reported that quercetin glucosides are more efficiently absorbed than quercetin alone, whereas rutin is less efficiently and less rapidly absorbed. The optimal dose of rutin that can act as an antioxidant is 1000 mg/day. [165] As a capillary and blood vessel protectant, the dose range of this compound is 400-1000 mg/day. [166] The bioavailability of rutin is~20% as that of quercetin glucosides. [167] The main reason for the poor bioavailability of rutin is its poor aqueous solubility. [160] To improve the bioavailability of quercetin and rutin, numerous approaches have been undertaken, involving the use of promising drug delivery systems such as inclusion complexes, liposomes, nanoparticles, or micelles, which appear to provide a higher solubility and bioavailability. [168] [169] [170] Gallic acid and isoflavones are shown to be the most well-absorbed PCs, followed by catechins, flavanones, and quercetin glucosides, which have different kinetics. [167] Many studies have shown that rutin is a powerful antioxidant against free radicals and this capacity is concentration-dependent [160, 171] , and the antioxidant activity of flavonoids increases with their concentration. [86] At a concentration of 50 mg/kg, rutin decreases the glucose levels by Figure 9 . The possible role of quercetin in the prevention of heart diseases and inflammation.
increasing insulin secretion in hyperglycemic rats and thus affects Ca þ2 uptake in rat pancreatic islets by increasing the Ca þ2 influx via the L-type voltage-dependent calcium channel. [172] Other studies have also shown the protective effects of rutin on various targets such as the heart [173] , lung [174] , pancreas [175] , kidney [176] , skeletal muscles [177] , and sciatic nerve.
[174] Figure 10 . Different dosage forms of quercetin alone or in combination available in the market.
Catechins
Catechins ((2R,3S)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol) are another group of PCs generally found in the leaves of Camellia sinensis. [178] [179] [180] In addition to green tea, apples, grapes, pears, and cherries are some of the main sources of catechins [181] (Fig. 12) . About Figure 11 . Different dosage forms of rutin alone or in combination available in the market.
10% of the dry weight of green tea leaves consists of catechins, including 50% (-)-epigallocatechingallate (EGCG), 19-30% (-)-epigallocatechin (EGC), 10-13% (-)-epicatechingallate (ECG)
, and 6-10% EC. [19, 179, 180] EGCG is the most dominant catechin form in green tea. [180] The daily intake of catechin has been estimated to be 18-50 mg/day. [167] Although catechins are not necessary to human nutrition, they help in improving human health by preventing various diseases. [182] According to both epidemiological and experimental studies, cancer, cardiovascular diseases, and aging are the three top illnesses treated with catechins. Similar to other PCs, these compounds have a great potential for antioxidant activity. Although in vitro studies have well established the antioxidant activity of these compounds, clinical studies seem to be limited on these compounds. Nonetheless, the review of the literature showed that catechins can help eliminate a wide range of diseases in animal models. This section of the article introduces some of the most popular effects of catechins.
In vitro studies have shown that catechins have protective effects against degenerative diseases [182] and there is a strong inverse correlation between the intake of catechins and the risk of mortality due to coronary heart disease. [183] Catechins appear to have greater antibacterial activities against Grampositive than Gram-negative bacteria. [68, 184, 185] Evidence is emerging that catechins may be useful in the control of common oral infections, such as dental caries and periodontal diseases. [68, 186] Kivits et al. [187] reported that the catechins in green and black tea are rapidly absorbed. In another key study, Zhu et al. [188] observed the low systemic availability of tea catechins and attributed it to a slow absorption, high first-pass effect, and wide tissue distribution. Tea catechins are capable of binding to a variety of enzymes and inhibiting their activities. [180] The inhibition of enzyme activity could be due to either direct binding or indirect actions. [189] For example, EGCG (at a concentration of 5-20 µM) can inhibit the phosphorylation of JNK, c-Jun, MEK1/2, ERK1/2, and ELK1. [190] Dihydrofolatereductase, glucose-6-phosphate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase, and carbonyl reductase 1 are the other enzymes inhibited by EGCG. [191] [192] [193] [194] Studies have shown that EGCG changes the lipid organization in the plasma membrane, thus affecting the protein distribution; these behaviors are likely associated with the inhibition of EGFR [195] , hepatocyte growth factor receptor (HGFR) [196] , and 67LR [197] functions. In animal models, EGCG decreases liver damage, liver inflammation, liver triglyceride, TC, and inflammatory cytokines (e.g. MCP-1 and CRP/IL-6). [198] The activity of NF-κB and C/EBP-α transcription factors regulates the expression of iNOS and COX-2. [199, 200] The consequences of the high levels of iNOS and COX-2 include the overproduction of NO and eicosanoids through the initiation of the COX-prostanoid pathway [201] , which causes cellular inflammation and necrosis. [202] Treatment with EGCG leads to a reduction in the expression of both iNOS and COX-2, thereby increasing the anti-inflammatory effects of EGCG in the liver cells. [203] Evidence suggests that EGCG modifies DNA methylation and its effects on histone modifiers. [204] EGCG interferes with the enzymatic activities of HAT, HDAC, and DNMT. [205] Fang et al. found that EGCG acts as a competitive inhibitor of DNA methyl transferase (Ki = 6.89 µM), which binds to the catalytic pocket and inhibits DNA methyl transferase activity in a dependent manner. [206] Table 3 summarizes the potential epigenetic effects of catechins.
EGCG and other tea catechins appear to be very effective scavengers of ROS and RNS both in vitro and in vivo. [179, 208] Animal model studies have shown that EGCG decreases lipid peroxidation and protein carbonylation in old rats, but not in young rats. [209] Moreover, albumin has a synergistic increasing effect on the antioxidant activity of green tea catechins in oil-in-water emulsions. [210] The antioxidant activity of catechin in emulsions containing BSA follows the pattern ECG ≈ EGCG > EC > EGC. [122, 210] Recent studies have shown that catechins have a relatively high binding affinity to human serum albumin (HAS). Catechins with a binding constant to HAS include: EGCG % GCG (gallocatechingallate) > ECG ≫ EC % EGC % catechin. [122, 211, 212] EGCG has also been reported to have an inhibitory effect on Acetyl-CoA carboxylase, which is essential for the in vitro biosynthesis of fatty acid [213] and has anti-obesity effects in rats at high doses. [214] [215] [216] Given the multiple benefits of catechins, these compounds are available in the market in various forms and dosages. The evaluation of catechins as metabolic regulators pave the way for the development of new drugs. [217] Kaempferol Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl) chromen-4-one) is another class of PCs found in fruits and vegetables [65] (Fig. 13) . This compound has often been associated with the quality of grapes and wines and is considered an important source of antioxidant in proportion to the dietary requirements. [218] The most common flavonols found in foods include quercetin and kaempferol. [63] The present finding showed that kaempferol is one of the most-studied PCs. Similar to other PCs, kaempferol has a great potential for the prevention of HDs. The findings of this study suggest that cancer, diabetes, neurodegenerative diseases, and obesity are the most common diseases treated with this compound. Kaempferol and most other dietary PCs show a common property by which they reduce HDs. The consumption of sources rich in PCs (e.g. vegetables and [204] EC 50 DNMT inhibitor RARβ [207] ECG 20-50 DNMT inhibitor RARβ [207] EGCG 20-100 HAT and DNMT inhibitor RARβ, MGMT, MLH1, CDKN2A,MLH1, CDKN2A,RXRα,CDX2,RXRα,CDX2, [205, 207] fruits) can help promote public health. The consumers of PCs should bear in mind that these compounds are able to increase the risks of certain other diseases and researchers must further examine this duality. This section of the article focuses on the most common molecular mechanisms of kaempferol. The health benefits of dietary kaempferol are well documented in reducing the risk of chronic diseases, especially cancer. [219, 220] The total average intake of kaempferol in humans is 23-25 mg/ day [64, 221] and kaempferol-3-glucuronide is the major compound detected in blood plasma and urine. [222] The bioavailability of kaempferol varies depending on factors such as chemical structure, lipophilicity, molecular weight, gut microbial metabolism, food matrix, and possibly other components of the diet. [222] As noted, kaempferol is a good target for cancer therapy. [223] It is evidently able to scavenge free radicals and modulate several signaling pathways that ultimately lead to cancer cell apoptosis. [59] The potential mechanisms of chemoprevention by kaempferol include the inhibition of carcinogen-activating genes and enzymes and enhancing carcinogen detoxification by getting phase II detoxifying genes and enzymes involved. [221] Kaempferol (at 10 μM concentration) induces significant anti-viability effects in pancreatic cancer cells through apoptosis. [224] Studies have reported that kaempferol strongly inhibits the activation of the EGFR/p38 signaling pathways, the up-regulation of p21 expression, and the down-regulation of cyclin B1 expression in cancer cells, thus leading to the activation of PARP cleavage, the induction of apoptotic death, and the inhibition of cell growth. [225, 226] P38 is an MAPK that can regulate cell proliferation while EGFR can mediate p38 activation. [227, 228] Studies have also examined the potential link between the consumption of foods containing kaempferol and the reduction of the risk of developing disorders such as cardiovascular diseases [229] , obesity [230, 231] , inflammation [232] , and type 2 diabetes. [230, 233] Kaempferol and its glycosides were reported to reduce the accumulation of adipose tissue and improve hyperlipidemia and diabetes in obese mice by increasing lipid metabolism through the down-regulation of PPARγ and SREBP-1c. [230, 234] Berger et al. reported that a 50 µM concentration of kaempferol has a distinct epigenetic activity by inhibiting HDACs. [235] This compound is able to induce apoptosis by decreasing the expression of Bcl-2 and increasing the expression of Bax. [236] At a 70 µM concentration, kaempferol has a crucial role in the activation of caspase-3 and 9 cascades. [237] Overall, the epidemiological data on this compound suggest that a high intake of kaempferol-rich foods may reduce the risk of developing several types of cancers (e.g. lung, gastric, pancreatic, and ovarian cancer) and cardiovascular diseases. [65, 238] Many studies have shown that kaempferol and its glycosides are the most popular for their antibacterial properties. [239, 240] The antiviral activity of this compound against the influenza virus [241] , herpes simplex virus [242] , and HIV [243, 244] has been documented in the literature. Given its ability to inhibit LDL oxidation, kaempferol can be said to play a critical role in the prevention of atherosclerosis. [245] Moreover, the anti-inflammatory activity of kaempferol is caused by its significant contribution to the inhibition of both inflammatory cell function and the expression of pro-inflammatory cytokines and chemokines. [246, 247] Further studies are required for evaluating the benefits of kaempferol for clinical trials and the treatment of HDs. [225, 248] Resveratrol 5-[(E)-2-(4-hydroxyphenyl)ethenyl]benzene-1,3-diol (resveratrol) is a dietary polyphenol, belonging to the stilbenes group and naturally occurring in fruits and food products [249] [250] [251] in response to injury, fungal attack, or other environmental stress. [252, 253] Fig. 14 presents the chemical structure and major sources of reseveratrol. This compound was first isolated from the roots of Veratrum grandiflorum O. Loes in 1940, and later from the roots of Polygonum cuspidatum. [36] As a dietary supplement, it is a powerful antioxidant [254] with benefits for muscle strength [255] , the treatment of inflammation [256] , the regulation of body metabolism [257] , and the treatment of neurodegenerative diseases [258] , diabetes [259] , cardiovascular diseases [260] , and cancer. [261] Many studies assume that this compound has a wide range of biological activities. Due to its abundance in nuts, grapes, and grape products (in particular red wine), this compound is one of the main targets for food and Figure 14 . The major sources of resveratrol and its chemical structure.
pharmaceutical industries. Similar to the other PCs, resveratrol has aromatic groups in its structure and thus exhibits antioxidant activities. Researchers have recently come to emphasize its anti-obesity potential. The present study found that this compound can be used for the treatment of certain types of cancer, such as pancreatic, colorectal, lymphoma, breast and prostate cancer, and leukemia. The anti-UV activity of this compound has also received more attention than other PCs in recent years. [262] Although resveratrol shows significant anticancer properties, it also increases the risk of cardiovascular disorders in rats. [263] Regardless of these benefits, it is important to also note the minimal side effects of PCs and administering their best doses for consumption. This section of the article introduces the health benefits and the molecular mechanism of action of resveratrol.
This compound exists as cis and trans forms, with the trans-isomeric form being stable at −20°C for over five days and at 4°C for up to two days when protected from exposure to light. [264, 265] Similar to other PCs, resveratrol shows a high absorption, a low bioavailability, and a rapid clearance from the blood stream. [266, 267] Based on in vitro studies, this compound can inhibit cell proliferation [268] , induce apoptosis [269] , and block cell-cycle progression [270] in various types of human cancer cell lines, such as colon, skin, breast, lung, prostate, liver, and pancreatic cancer cell lines. [266] As depicted in Fig. 14 , resveratrol can be said to have two aromatic groups; these rings can act as antioxidants by forming stable radicals via resonance structures, thereby inhibiting continued oxidation. In vitro antioxidant assays such as DPPH, ABTS, DMPD, and H 2 O 2 and their scavenging activities have shown that resveratrol has higher radical scavenging capacity compared to vitamin C, vitamin E, and propyl gallate. [85] Several studies have attributed the anticancer activity of resveratrol to its ability to inhibit COX-1 activity [271] and the prevention of the PI3K/ Akt signaling pathway. [272] Resveratrol has a significant role in decreasing obesity and its associated abnormalities. [253, 273] Animal studies have reported that this compound significantly regulates signaling molecules such as GalR1/2, PKCδ, Cyc-D, E2F1, and p-ERK and key adipogenic genes (e.g. PPARγ2, C/EBPα, SREBP-1c, FAS, LPL, aP2, and leptin) in the epididymal adipose tissues of mice. [273] More recently, resveratrol has been reported to improve glycemic control in animals and humans with insulin resistance or diabetes. [274, 275] Resveratrol also inhibits TNF, IL-1β, NO, and NF-κB in peritoneal macrophages. [276] This compound also shows a dose-dependent antiestrogenic activity similar to genistein and quercetin. [28] Sharma et al. reported that resveratrol (at a 20 µM concentration) inhibits the release of cytokines by peritoneal macrophages and stimulates IL-10 expression. [277] The inhibitory activity of resveratrol against iNOS is also well documented in the literature. [278] Given the health benefits of resveratrol for hypertension, obesity, inflammation, diabetes, and dyslipidemia, this compound can offer an interesting pharmacological approach for the treatment of the metabolic syndrome, which is associated with an increased risk of cardiovascular diseases. [279] The main part of the dietary intake of resveratrol is in the trans-resveratrol form. [265] Modifying the stability, chemical structure, and metabolism of resveratrol could change its cellular and molecular targets and thereby improve or decrease its chemopreventive properties. [265] The aqueous solubility of resveratrol has been reported as <1 mg/ml, which is a major drawback of the drug. [36, 280] Resveratrol stability appears to involve redox reactions and biotransformation, which influence its antioxidant properties. [265] As noted, resveratrol was reported to act as an inhibitor of carcinogenesis. [281] Fig. 15 presents a list of the mechanism of actions proposed for resveratrol.
Many studies have focused on in vitro and in vivo animal studies, with very few trials being conducted on human subjects. [36, 282] Nonetheless, the emerging popularity of resveratrol and its potential to improve health and quality of life have led to a market rich in resveratrol supplements and an interest from pharmaceutical companies for developing resveratrol-based drugs. [283] According to the data obtained, this compound shows an inhibitory effect on abnormal cells acting on MAPK, and NF-κB as well as PPAR-γ, although the final outcome depends on the situation and doses administered.
Frequency of research areas
As depicted in Fig. 16 , most of the studies on PCs can be categorized into six research areas including (1) Biochemistry, (2) Medicine, (3) Agriculture, (4) Pharmacology, (5) Chemistry, and (6) Chemical engineering. From 2000 to 2016, flavonoids have received more attention from these areas of research. These studies have been conducted by more than a thousand researchers throughout the world and further studies are required on PCs in order to achieve a better understanding of how the expression of PCs can be increased in plants [284, 285] and how these compounds can help protect the human body against certain disorders. [286] PCs have a lot more uncovered details [287] and researchers should try to find the physiological role of these compounds in plants [14] and their mechanism of action in the human body. [286] Polyphenols and the treatment of chronic diseases in humans
The use of PCs for the treatment of HDs was also studied via articles indexed in Scopus. Table 4 presents the total number of documents published on PCs for various HDs by country. The contribution of PCs to the treatment of HDs in different countries showed that, in most fields, the USA, India, and China are at the top of the list, occupying three of the top 24 places. South Korea is another country ranked second for cancer, in fifth for heart disease, third for anti-infectious diseases, sixth for liver disorders, fourth for inflammation, fifth for viral diseases, fifth for Alzheimer's, fourth for Parkinson's disease, second for Obesity, tenth for hypertension, and fifth for diabetes.
According to these rankings, the UK is the first in the top 24 countries for the use of PCs in the treatment of liver disorders. India, Brazil, and South Korea also occupy three of the top 24 places for the use of PCs to treat infectious diseases. Russia and Belgium are two countries placed toward the bottom of the list in all the research areas. As shown in Table 4 , a hierarchical cluster analysis was performed using Ward's method [40] to generate a dendrogram for estimating the number of likely clusters within the studied diseases by country (Fig. 17) . Cluster analysis is an explorative method of analysis that seeks to identify structures within a set of data. [288, 289] As shown in this figure, there are two groups of countries that are very close to each other, with the first group consisting of Belgium, Russia, Poland, Canada, Nigeria, Pakistan, Iran, Malaysia, Turkey, Egypt, Portugal, and Australia, and the second group consisting of Italy, Japan, Germany, Spain, France, Taiwan, and Brazil. India and the UK, however, are not categorized into any of these two groups and are separated from the entire world in this area. The USA, South Korea, and China are also largely similar and form a third group. Research on PCs in different countries is thus very wide ranging in terms of HDs. Regarding the potential health benefits of dietary PCs [60] , these compounds can be said to be good candidates for the treatment of HDs.
Popular journals
Peer-reviewed journals play a crucial role in scientific advancement, and articles published in these journals are likely to remain a very important means of distributing research findings for use in the near future. [290, 291] The journals contributing the most to research on PCs are identified and ranked based on the number of papers they have published over a recent 16-year period in four top areas of research (Fig. 18) .
The ranking obtained for the seven top journals contributing to research on PCs showed a series of different journals. The Journal of Agriculture and Food Chemistry (J.Agric.FoodChem.) occupies the first of seven places for covering research on polyphenols (1720 published papers), flavonoids (2343 published papers), and stilbenes (290 published papers), and dropping three places for covering research on lignans (148 published papers). Planta Medica occupies the first of seven places for covering research on lignans (191 published papers). Food Chemistry (Food Chem) is another journal that covers studies on PCs, covering 1348 papers on polyphenols, 1845 on flavonoids, and 104 on stilbenes from 2000 to 2016. Journal of Natural Product (J.Nat.Prod.) specializes in research on lignans (173 published papers). Phytochemistry (Phytochem) is another journal that covers both flavonoids (594 published papers) and lignans (154 published papers). This ranking shows a significant correlation between research on PCs and peer-reviewed journals. Better studies on PCs should be published in peer-reviewed journals to reflect the overall quality of research into this area and the efficiency of journals for covering the research. Researchers can use this ranking for selecting a good journal for publishing their papers on PCs. India  1435  2  China  557  China  272  SK  371  China  562  USA  1183  3  India  353  India  239  India  307  India  383  China  1090  4  Italy  248  SK  137  China  294  Italy  318  SK  553  5  SK  241  Italy  134  Japan  283  UK  291  Italy  446  6  UK  203  UK  121  Italy  232  Japan  233  Japan  417  7  Japan  175  Spain  80  Spain  226  Spain  217  Brazil  329  8  Germany  152  Japan  75  UK  184  Germany  205  Spain  321  9  Spain  148  Brazil  67  Germany  126  France  196  UK  318  10  Brazil  120  Germany  66  Brazil  118  SK  192  Germany  291  11  France  116  Taiwan  57  France  115  Brazil  152  Iran  233  12  Turkey  114  Canada  53  Canada  103  Australia  134  France  225  13  Canada  97  Iran  48  Taiwan  97  Canada  126  Canada  197  14  Iran  97  Australia  45  Australia  97  Taiwan  84  Nigeria  195  15  Taiwan  92  Portugal  41  Iran  81  Nigeria  79  Malaysia  195  16  Portugal  88  France  39  Poland  73  Iran  75  Australia  183  17  Australia  87  Turkey  37  Malaysia  51  Poland  73  Taiwan  177  18  Malaysia  61  Malaysia  30  Turkey  40  Malaysia  67  Egypt  156  19  Pakistan  58  Egypt  23  Pakistan  37  Turkey  60  Turkey  131 
Basic challenges of research into polyphenols
As already noted, PCs, in particular, flavonoids, are present in the highest concentration in the human diet. Genistein, quercetin, kaempferol, daidzein, lutelin, apigenin, myricetin, and biochanin A are the most abundant phytochemicals in human diet. [292] Although these compounds are naturally found in plants, the total concentration of PCs in the human diet might vary significantly. For example, the concentration of quercetin in the edible sections of fruits and vegetables is below 10 mg/kg. [293] This amount is 5-17 mg/kg [292] for kaempferol. Since different methods are used for the preparation and processing of foods, it might be that these methods decrease the concentration of PCs in foods. Cooking, frying, and freezing have remarkable effects on the total concentration of PCs in plant-based foods. The mere consumption of polyphenol-rich foods is not enough and several factors, such as glucuronidation, sulfation, methylation, and metabolization to other phenolic compounds (PCs), can change the bioavailability of PCs in the human body. [27] Food industries should therefore pay further attention to the use of modern approaches for preparing polyphenolrich foods and the optimal doses of these compounds used in the diet. Various in vitro and in vivo studies have reported that PCs are the best therapeutic target for the market; however, there are several problems with the use of these compounds. [294] One of the most important questions to ask oneself is the dose of PCs that should be used in order to achieve their health benefits [275] , and whether or not PCs have side-effects in humans. The answer to these questions can facilitate further research into PCs. For example, quercetin may be a good compound for treating various diseases, but it also reduces the life-span of mice when added to their long-term diet. [295] Fig. 19 presents the basic challenges of research into PCs. The use of molecular modeling to predict interactions, largescale screens for toxic or other common effects, affinity-based methods to identify drug-interacting proteins, and a better synthesis of the existing data, including legislation to promote the release of clinical trial results and tracking voluntary supplement consumption, are major factors that must be considered to improve basic research on PCs. [275] Understanding polyphenol interactions with other food ingredients/elements, such as proteins or dietary fibers, is important because complex reactions can take place during food processing. [296] Many studies have shown that PCs have health benefits for humans [16] [17] [18] 20, 21, 28, 43, 179, 205, 206, [296] [297] [298] , and ensuring that their optimal doses are used in a diet is crucial. [294] There is a great paradox about PCs; although these compounds are considered potent antioxidants, they also show a pro-oxidant (oxygen radical generating) behavior, which is cause for remarkable concern about the consumption of these phytochemicals. In some sources, PCs have been found to exhibit antioxidant properties in vitro [26, 85, 105, 120, 142, 254] ; however, the in vivo concentrations of these compounds are not high enough to show any antioxidant activities. [299] PCs concentrations in the gastrointestinal tract are high enough to act as pro-oxidants for the in vivo generation of ROS. [300] Professor Barry Halliwell labeled PCs as "prooxidants" and speculated that the overconsumption of these compounds can down-regulate endogenous antioxidants. [301] Duarte and Lunec reported that vitamin C is also a potent antioxidant that can as well become a pro-oxidant. When combined with iron and copper, it can reduce Fe 3+ to Fe 2+ and Cu 3+ to Cu 2+ , and in turn reduce hydrogen peroxide to hydroxyl radicals. [302] Yordi et al. reported that, under certain conditions, PCs can behave as pro-oxidants. [303] Dietary PCs can also act as pro-oxidants in systems that contain redox-active metals. [304] The presence of O 2 and transition metals such as iron and copper catalyzes the redox cycling of PCs and may lead to the formation of ROS and phenoxyl radicals that damage DNA, lipids, and other biological molecules. [305] In some degenerative diseases, such as cancer, Alzheimer's disease, diabetes (especially type II), and heart disease, ROS are produced in large amounts; in patients with polyphenol-rich diets, the potential pro-oxidant activity of PCs must be considered and a good diet with set doses of PCs can be used to prevent the advancement of the disease in early stages. The pharmacological potential of PCs is so diverse and complex that further studies are necessary in this area in order to increase the knowledge of PCs and their biological activities and health benefits for humans.
Future of polyphenols
Although there is a wide range of studies on PCs, it seems that the present knowledge about these compounds is at the lowest level possible and further studies with an emphasis on in vivo approaches are required to determine the health benefits of these compounds for humans and to develop a better understanding of their biological activities. Genomic and proteomic studies are required to find the exact role of these phytochemicals in the prevention of serious HDs.
Phytochemical screening will be essential for identifying the most favorable PCs both for market consumption and for clinical usage. High-throughput, standardized, chemical assays (e.g. chromatography, Gas chromatography-mass spectrometry (GC-MS), Capillary Electrophoresis -Mass Spectrometry (CE-MS), and novel gene profiling) are essential for the development of drugs containing PCs and their commercialization. [299] Bioinformatics and systems biology approaches are helpful modern tools used to evaluate a large body of data associated with these phytochemicals. [4, 306] Methods such as molecular docking, virtual screening, and molecular dynamics simulation, meanwhile, can provide a critical basis for understanding the complex behavior of these compounds in combination with animal enzymes.
To conclude, the characterization of their biological pathways is an important piece of the puzzle about polyphenols in many studies examining these compounds. The use of phytochemicals, especially PCs, for the prevention and treatment of disastrous HDs is a popular strategy and the medicinal efficacy of many PCs as an antibacterial, anti-inflammatory, anticancer, and anti-obesity is well documented in the literature on the subject. Nonetheless, the therapeutic use of PCs must be validated through the use of specific biochemical assays. Further investigations of PCs will be necessary for achieving newer insights about these compounds and entering a new era of polyphenol-based drugs use for treating pernicious infectious and degenerative diseases.
Concluding remarks
As secondary plant metabolites, PCs are the most abundant class of substances with at least 10,000 different compounds that have become a focus of research over the past 16 years. These compounds are basically nontoxic and efficient phytochemicals with a diverse range of beneficial biological activities reaching from plants to humans. According to the present finding, all PCs have a common molecular mechanism of action and are able to inhibit cell proliferation and angiogenesis, down-regulate endogenous antioxidants, modulate transcription factors and their associated kinases, and prevent many signaling pathways. Regarding their molecular targets, a general molecular target was observed in this study for these compounds (Fig. 20) . Although Figure 20 does not cover all of their molecular effects, it provides a comprehensive overview about their effects. Clinical studies are required on the concentration, bioavailability, efficacy, safety, and mechanism of action of PCs for therapeutic purposes. The absorption, distribution, metabolism, excretion, and biological activity of PCs in the human body must be further examined through research. The use of advanced and modern methods (e.g. nanotechnology) to increase the bioavailability of PCs and enhance their stability in the human body is actively growing. The results of this review study along with the remarkable body of literature about polyphenols demonstrate the therapeutic benefits of these compounds and suggest that PCs, in particular quercetin, rutin, kaempferol, catechins, and resveratrol, are able to prevent lipid overproduction, reduce the incidence of cancer, normalize insulin sensitivity, decrease tissue inflammation, and reduce the incidence of liver disorders and infectious diseases. Overall, PCs are the best targets of research into secondary metabolites, although their study poses certain challenges. Further agronomical, biochemical, and chemical studies should be conducted to elucidate the role of these compounds reaching from plants to humans. A long-term study of these compounds to investigate the direct physiological role of PCs in the human body is strongly recommended.
